Human reference values for acute airway effects of five common ozone-initiated terpene reaction products in indoor air  by Wolkoff, Peder et al.
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Airway  effects  of ozone-initiated  terpene  reaction  products  were  assessed  in mice.
Sensory  irritation,  airway  limitation,  and  pulmonary  effects  were  observed.
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4-Oxopentanal  may  be  of concern  due  to  air-ﬂow  limitation.
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a  b  s  t  r  a  c  t
Ozone-initiated  monoterpene  reaction  products  have  been  hypothesized  to cause  eye  and airway  com-
plaints  in  ofﬁce  environments  and some  have  been  proposed  to  cause  skin  irritation  and  sensitization.
The  respiratory  effects  of 60 min  exposures  to  ﬁve  common  oxidation  products  from  abundant  ter-
penoids  (e.g.  limonene),  used  as  solvent  and  fragrance  in common  household  products  or present  in
skin  lipids  (e.g.  squalene),  were  studied  in  a head  out mouse  bioassay.  This  allowed  determination  of
acute  upper  airway  (sensory)  irritation,  airﬂow  limitation  in  the  conducting  airways,  and  pulmonary
irritation  in  the  alveolar  region.  Derived  human  reference  values  (RFs)  for  sensory  irritation  were  1.3,  0.16
and  0.3  ppm,  respectively,  for 4-acetyl-1-methylcyclohexene  (4-AMCH),  3-isopropenyl-6-oxo-heptanal
(IPOH),  and  6-methyl-5-heptene-2-one  (6-MHO).  Derived  RFs for airﬂow  limitation  were  0.8,  0.45,  0.03,ensory  irritation
erpenes
pper  airway effects
and  0.5  ppm,  respectively,  for dihydrocarvone  (DHC),  4-AMCH,  4-oxo-pentanal  (4-OPA),  and  6-MHO.
Pulmonary  irritation  was  unobserved  as  a  critical  effect.  The  RFs  indicate  that the  oxidation  products
would  not  contribute  substantially  to sensory  irritation  in eyes  and  upper  airways  in ofﬁce  environments.
Reported  concentrations  in ofﬁces  of 6-MHO  and  4-OPA  would  not  result  in  airﬂow  limitation.  However,
based  upon  the  RFs  for  IPOH  and  4-OPA,  precautionary  actions  should  be  considered  that  disfavor  their
formation  in  excess.
© 2012 Elsevier Ireland Ltd. Open access under CC BY-NC-ND license.Abbreviations: 4-AMCH, 4-acetyl-1-methylcyclohexene; AF, assessment fac-
or; DHC, dihydrocarvone; IPOH, 3-isopropenyl-6-oxo-heptanal; LOAEL, lowest-
bserved-adverse-effect-level; 6-MHO, 6-methyl-5-heptene-2-one; NOAEL, no-
bserved-adverse-effect-level; 4-OPA, 4-oxopentanal; RD, depression in respiratory
requency; RF, human reference value; TB, time of brake; TE, time of expiration; TI,
ime of inspiration; TP, time of pause; VOC, volatile organic compound; VD, airﬂow
t 0.5 tidal volume during expiration; VT, tidal volume.
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E-mail address: pwo@nrcwe.dk (P. Wolkoff).
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There is an increasing health concern about the use of con-
sumer and household products, e.g. air fresheners and cleaning
agents, in indoor environments, because of their emission of ter-
penoid fragrances (Nazaroff and Weschler, 2004; Singer et al.,
2006b). Especially, indoor chemistry of limonene (an abundant
and ubiquitous volatile organic compound (VOC) indoors and
generally a major fragrance component in numerous products)
readily undergoes gas-phase reactions to produce a host of complex
ozone-initiated terpene reaction products (called terpene reac-
tion products). They comprise gaseous (Atkinson and Arey, 2003;
Calogirou et al., 1999b; Singer et al., 2006a) and secondary organic
aerosols (Glasius et al., 2000; Koch et al., 2000), in form of ﬁne
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nd ultraﬁne particles (Nøjgaard et al., 2006; Rohr et al., 2003;
inger et al., 2006a; Vartiainen et al., 2006; Wainman et al., 2000;
eschler and Shields, 1999). Further, both short (hydroxyl) and
onger-lived radicals are formed (Chen et al., 2011). Products from
urface ozonolysis of terpenoid compounds in household products
e.g. Destaillats et al., 2006; Ham and Wells, 2011) and sesqui-
erpenes in plants and skin lipids, like squalene (Fruekilde et al.,
998; Wisthaler and Weschler, 2010), may  also be of concern as
hey are formed, for example in aircraft cabins and from ventilation
lters (Destaillats et al., 2011; Forester and Wells, 2009; Wisthaler
t al., 2005). Squalene is abundant in human skin lipids (Nicolaides,
974) and for example present in Danish house dust in a mean con-
entration of 32 (95 percentile; 243) g per g dust (Weschler et al.,
011).
Epidemiological studies in public ofﬁce buildings indicated
ssociations between late afternoon outdoor ozone and upper
espiratory and eye symptoms (Apte et al., 2008; Erdmann and
pte, 2004); these are among the top-three reported symptoms
Brightman et al., 2008). Furthermore, exposure of rodents to reac-
ion products of limonene showed airway effects (Sunil et al.,
007; Clausen et al., 2001). Respiratory effects of the upper airways
ere dominated by sensory irritation, which is caused by stimula-
ion of the trigeminal (5th cranial) nerve. Additionally, moderate
ong-lasting effects in the conducting airways were observed from
zonolysis of limonene (Rohr et al., 2002; Wolkoff et al., 2008). More
ecently exposure to denuded reaction products of limonene indi-
ated that the generated ultraﬁne particles were without biological
ffect, rather the gaseous products appeared to be the offending
gents (Wolkoff et al., 2008).
Contradictory ﬁndings from human exposure studies have been
eported. Exposure of 130 women for 140 min  to a mixture of
3 typical indoor VOCs, which included limonene and -pinene,
nd ozone neither reported signiﬁcant sensory irritation (Fiedler
t al., 2005) nor was nasal inﬂammation observed (Laumbach et al.,
005). On the other hand, eye exposure of male subjects to reac-
ion products of limonene signiﬁcantly increased the eye blink
requency indicative of a trigeminal stimulation, but not necessarily
f perceived sensory irritation (Klenø and Wolkoff, 2004).
It has also been hypothesized that terpene reaction products
ith multiple oxygen groups such as dicarbonyls may  exhibit
nﬂammatory and respiratory sensitizing properties. This was
ased on calculated sensitization potentials (Forester and Wells,
009), pulmonary epithelial cell exposure studies (Anderson et al.,
010), and studies on combined dermal and pharyngeal aspiration
Anderson et al., 2012).
We  have examined ﬁve common terpene reaction products on
he basis of their general abundance with high ozone or hydroxyl
adical yields from common terpenoids. Our objective was to deter-
ine the acute upper and lower respiratory tract effects of these
ompounds. We  used inhalation exposure as this is the appro-
riate route for risk assessment of indoor air pollutants with the
urpose to evaluate the terpene reaction products as causative
f eye and respiratory symptoms in indoor environments. We
re not aware of previous inhalation studies of these terpene
eaction products. 4-AMCH (4-acetyl-1-methylcyclohexene), DHC
dihydrocarvone), IPOH (3-isopropenyl-6-oxo-heptanal), 6-MHO
6-methyl-5-heptene-2-one), and 4-OPA (4-oxopentanal) are com-
on  terpene reaction products from fragrances like limonene, e.g.
tkinson and Arey (2003) and Calogirou et al. (1999b); for precur-
ors, see Table 1.
. Materials and methods.1. Chemicals
Methanol (99%) and pentane (99%) were from Aldrich. See Table 1 for
tructures of the following terpene reaction products: 4-AMCH (93% and 3%etters 216 (2013) 54– 64 55
3-acetyl-6-methylcyclohexene) and DHC  (97% purity; 77% n-(+)-dihydrocarvone,
20% iso (+)-dihydrocarvone) were from Aldrich, and 6-MHO (99%) from
Aldrich–Sigma. IPOH (97%) and 4-OPA (97%) were synthesized according to
(Wolinsky and Barker, 1960) and (Hutton et al., 2003), respectively, by (HM-Chemo
Co., Shanghai Branch, CN) and (Shanghai Chempartner Co., CN). The terpene reaction
products are stored at 4 ◦C. Electron impact and chemical ionization GC/MS analyses
of methanol diluted samples were carried out for structural conﬁrmation and iden-
tiﬁcation of impurities; pentane was used as solvent for 4-OPA, due to instability
in  methanol. For GC/FID and GC/MS conditions, see (Wolkoff, 1998). The structure
conﬁrmation was either by high hit search (>0.9) in the Wiley Library (Ver. 7) or
comparison with literature mass spectra; for 4-OPA (Fruekilde et al., 1998; Hutton
et al., 2003; Molander and Cameron, 1993) and IPOH (Calogirou et al., 1999a). The
purity was  based on GC peak area integration in full scan mode and averaged (n = 2).
2.2. Animals
Inbred BALB/cA male mice were purchased from Taconic, Denmark. At the ini-
tiation of the study, the mean weight and SD of the mice was 25.8 ± 1.3 g. Mice
were housed in polypropylene cages (380 mm ×220 mm × 150 mm)  with pinewood
sawdust bedding (Lignocel S8, Brogaarden, Denmark). The photoperiod was  from
6  a.m. to 6 p.m., and the temperature and relative humidity in the animal room
were 22 ± 2 ◦C and 50 ± 5%, respectively. The cages were sanitized twice weekly.
Food (Altromin no. 1324, Altromin, Lage, Germany) and tap water were available ad
libitum.
Treatment of the animals adhered to procedures approved by The Animal
Experiment Inspectorate, Denmark with Permission numbers 2006/561-1123 and
2011/561-1990.
2.3. Generation and monitoring of test atmospheres
The terpene reaction products were evaporated in Pitt No. 1 VOC genera-
tor  (Wong and Alarie, 1982), diluted with medical dry air, and fed into a 24 L
exposure chamber (Larsen and Nielsen, 2012). The airﬂow rates in the chamber
were set between 18.8 and 23.2 L/min. The chamber exposure concentrations were
monitored every fourth minute by 15 sequential 1.0 mL air samples on Tenax
TA steel tubes (PerkinElmer), taken by syringe (size: 2.0 mL)  suction, followed
by  thermal desorption within 12 h, and GC/FID analysis, as described previously
(Wolkoff, 1998). Six-point calibration of the weighed compound in methanol
(0.08–2.5 g/mL) was applied for determination of air concentrations (R2 ≥ 0.98),
except for 4-OPA that was dissolved in pentane.
Initially, a starting concentration was selected on the basis of the relation for
non-reactive compounds according to Alarie et al. (1996). However, for reactive
compounds, i.e. with an aldehyde group, a lower starting concentration was decided.
Other exposure concentrations were decided upon the ﬁrst observation of a biore-
sponse. The resulting exposure concentrations are shown in Table 2.
2.4. Bioassay
The respiratory effects were studied in a head out mouse bioassay (Alarie, 1998).
The bioassay allows detection of respiratory effects on the upper airways (sensory
irritation), effects on the conducting airways, and at the alveolar level by continuous
computerized monitoring of the breathing pattern.
The inhalation effects are investigated by analyses of the breathing patterns
in mice (Alarie, 1973; Nielsen et al., 1999). Brieﬂy, the breathing pattern analysis
recognizes and quantiﬁes speciﬁc deviations from the normal breathing pattern
(for  terms and deﬁnitions, see Fig. 1 in Nielsen et al. (1999)). Thus, after end of
inhalation, a short brake occurs before the exhalation is initiated, termed time of
brake (TB, ms). An increase in TB leads to a decrease in the respiratory frequency
(f,  breaths/min). TB is a speciﬁc marker of sensory irritation and it increases with
increasing exposure levels of sensory irritants due to a stimulation of the trigeminal
nerves. Formaldehyde, ammonia, and methacrolein are examples of compounds
being sensory irritants (Nielsen et al., 1999, 2007; Larsen and Nielsen, 2000).
Other parameters are time of inspiration (TI, ms), time of expiration (TE, ms), and
mid expiratory ﬂow rate (VD; mL/s), which are used for evaluation of airﬂow limita-
tion. This is due to bronchial constriction, mucous accumulation, or inﬂammation of
the  conducting airways (for simplicity termed ‘bronchoconstriction’). This extends
TE and thus causes an associated decrease in f. To quantify the effect, the airﬂow
rate  at 0.5 VT (tidal volume, mL) during expiration is measured. VD decreases as the
exposure concentration to a bronchoconstrictor increases. The decrease has been
shown to be correlated with an increase in resistance to airﬂow (Vijayaraghavan
et al., 1993) as measured by the classical method of Amdur and Mead (1958).  If VT
changes, it is attempted to normalize for differences by plotting the VD/VT ratio
versus the exposure concentration.
Pulmonary irritation comprises two types of reﬂex patterns, which are both
caused by stimulation of vagal nerve endings at the alveolar level (for simplic-
ity  termed ‘pulmonary irritation’). First, one reﬂex reaction is characterized by
rapid shallow breathing. The modiﬁcation of the normal breathing pattern includes
a  decrease in VT, TI and TE. All three parameters decrease in a concentration-
dependent manner. Due to the decrease in TI and TE, an increase in f will be observed,
thus causing rapid shallow breathing. This type of reaction is typically seen shortly
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Table 1
Investigated ozone-initiated terpene reaction products (terpene reaction products), CAS number, structure, precursor terpenoids, and location of reported ﬁeld measurements.
Terpene reaction
products
CAS Structure Precusor terpenoids Location of ﬁeld measurements
Limonene -Terpineol Geraniol Squalene/skin
lipids
Cabin/ofﬁce
air
Ventilation
ﬁlters
4-AMCH (4-acetyl-1-
methylcyclohexene)
6090-09-1
CH3
CH3
O
a
DHC (dihydrocarvone
2-methyl-5-
isopropenyl-
cyclohexan-1-one)
5524-05-0
CH3
CH3
O
b
IPOH (3-isopropenyl-6-
oxo-heptanal)
7086-79-5
O
CHO
a – e –
6-MHO (6-methyl-5-
heptene-2-one)
110-93-0
CH3
CH3
CH3
O
– – b c ,d e, f –
4-OPA  (4-oxopentanal) 626-96-0
CH3
O
O
H
b b b c ,d e g
a Hakola et al. (1994).
b Forester and Wells (2009).
c Fruekilde et al. (1998).
d Wisthaler and Weschler (2010).
e Weschler et al. (2007).
f Salonen et al. (2009).
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fter onset of ozone exposures (Nielsen et al., 1999). Another reﬂex reaction is char-
cterized by an increase in time of pause (TP, ms)  at the end of expiration. The
uration of the pause increases with increasing exposure concentration and thus TP
s  the speciﬁc parameter to quantify this effect. When only an increase in TP occurs
without the ﬁrst rapid shallow breathing reaction), f decreases in proportion to the
ncrease in TP and the decrease in f may  also be used to quantify the effect. When
n  airborne substance directly stimulates sensory nerve endings, the effects occur
apidly in relation to the onset of the exposure and dissipate quickly after the end of
xposure.
.5.  Exposure conditions and data acquisition
Eight naive mice were simultaneously exposed head-only at each exposure con-
entration. Brieﬂy, mice were inserted into head out plethysmographs that were
onnected to the exposure chamber. The respiratory parameters were obtained for
ach mouse from a Fleish pneumotachograph connected to each plethysmograph
hat allows continuously monitoring of the respiratory pattern. The exposures were
receded by a period that allowed the mice to adapt to the plethysmographs. Then,
 15 min  period was used to establish baseline (control) values of the respiratory
arameters. This period was followed by a 60 min  exposure period and a 30 min
ecovery period. From the baseline period, the mean value for each parameter was
alculated for each animal. These values were used as the ‘baseline’ (‘control’) val-
es  (made equal to 100%) to calculate increases or decreases during exposure and
ecovery periods.The Notocord Hem (Notocord System SA, France) data acquisition software was
used to collect respiratory parameters. Modules and settings for data acquisition and
calculations were as previously described as were the head-out body plethysmo-
graphs, pneumotachographs, transducers, and transducer signal ampliﬁers (Larsen
et  al., 2004).
2.6. Analysis of data
For each terpene reaction product, the combined exposure-effect was evalu-
ated from the effect on the respiratory frequency that may  be decreased by either
TB and/or TP elongations, and/or airﬂow limitation or a combination. However, an
evaluation of the speciﬁc parameters for sensory irritation, VT, airﬂow limitation,
and pulmonary irritation is necessary to characterize each of the speciﬁc airway
effects. Further, rapid shallow breathing is another type of pulmonary irritation
which decreases TP and VT, increases the respiratory frequency and decreases TI.
However, neither increase in respiratory frequency nor decrease in TI was  observed.
Thus, only TP elongations were evaluated. The effects may have different time-
dependent relationships; thus, a single effect may dominate in one period and may
overlap (coincide) other effects in other exposure periods. An exposure-dependent
effect was considered reversible if it within its recovery period normalized or nearly
normalized to the pre-exposure value and exposures reached approximately the
same level as the lower concentrations.
Time–response relationships for the decrease in respiratory frequency and air-
ﬂow limitation and the increase in TB were plotted as 1-min mean values of the
P. Wolkoff et al. / Toxicology L
Table  2
Average (n = 15) exposure concentrations (ppm) of ﬁve ozone-initiated terpene reac-
tion products.
Ozone-initiated terpene reaction products Exposure concentrations ± SD
4-
AMCH
265 ± 54
186–287
62 ± 21
43 ± 11
23 ± 1.4
DHC 250 ± 11
198 ± 10
150 ± 11
108 ± 4
IPOH 17.8 ± 5.1
10.9 ± 1.4
5.1 ± 0.9
6-
MHO
1186 ± 64
279 ± 11
145 ± 16
34 ± 5
4-
OPA
444 ± 19.5
84 ± 4.6
g
c
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(
u
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l
m
within the 30-min recovery period at concentrations considerably higher than the
F
o19 ± 2.6
3.4 ± 0.3
roups. Linear log concentration response relationships were used to establish
oncentration-effect relationships for the airway effects by means of MS Excel. The
epression in respiratory frequency (RD) as percentage of the pre-exposure base-
ine level was used as endpoint to determine the no-observed-(adverse)-effect level
NO(A)EL) of the reﬂex-mediated response in mice (RD0). The regression line was
sed for estimating the concentration that depressed the respiratory frequency
y  0% in the exposure period 11–20 min  where it had its maximum. The NOEL
or  sensory irritation was  also obtained from TB by regression; the threshold of
ncrease in TB elongation was obtained by extrapolation to 100% of the preexposure
evel (TB100). Furthermore, the NOEL for airﬂow limitation was  estimated from the
ean effect at the exposure period from 46 to 60 min. The value was  obtained by
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ig. 1. 3-Isopropenyl-6-oxo-heptanal (IPOH): (a) concentration versus decrease of the re
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extrapolation of VD/VT to the preexposure level of 100% ((VD/VT)100). All NOELs are
given together with their respective 95% conﬁdence interval in Section 3.
Selection of assessment factors (AFs; (uncertainty factors)) for extrapolation
from the mice results to a human reference value (RF) depends on the endpoint.
The  sensory irritation threshold (TB100 or RD0 for pure sensory irritants) in mice
was considered the lowest-observed-(adverse)-effect-level (LO(A)EL) in humans,
because the development of a reﬂex may  require a certain effect to be presented
before the reﬂex is activated (Nielsen et al., 2007). In general, sensory irritants have
steep exposure-response relationships, why we use an AF of 2 for extrapolation
from the LOAEL to the NOAEL in humans as established for exposure of ammonia,
another potent sensory irritant (Nielsen et al., 2007). Previously, an AF of 5 for protec-
tion of potentially sensitive individuals was established (Nielsen et al., 2007). Thus,
for  prevention of sensory irritation in the general population an overall AF of 10
(2  ×5) is used for extrapolation from RD0 or TB100 to the human RF for sensory irri-
tants. An additional AF for extrapolation to longer exposure periods was excluded,
because a 10-day repeated exposure study with the reaction products of limonene
showed that the effects were mainly driven by sensory irritation and not cumula-
tive at low dose sensory irritant exposure (Wolkoff et al., 2012). Quality assurance
of  the overall AF can be obtained from the mean relationship between the concen-
tration depressing the respiratory frequency in mice by 50% (RD50) and the RD0
(RD0 ∼ 0.15 × RD50) (Nielsen, 1991; Nielsen et al., 2007); this is based on the mean
slope of the exposure–response relationships and the Threshold Limit Value (TLV)
(occupational exposure limit (OEL)) value for sensory irritants, TLV ∼ 0.2 × RD0.
These relationships were derived from the equation, TLV ∼0.03 × RD50,  which has
been substantiated for sensory irritants (Nielsen et al., 2007; Schaper, 1993). Thus,
the  size of the AFs for extrapolation from the mouse NOEL to the human RF (5
for  protection of workers and 10 for protection of the general population) can be
considered reasonably scaled.
AFs are not available for airﬂow limitation and pulmonary irritation; airﬂow
limitation has been shown to accumulate at high concentrations of ozone and
isoprene (Rohr et al., 2003). Thus, for extrapolation of inhalation data between
species no AF (=1) or a low AF (=2.5) is considered adequate for local effects
(ECHA, 2010). We selected an AF of 2. Since the sensitivity within the general pop-
ulation is unknown, an intraspecies default AF value of 10 was selected (ECHA,
2010). Two  conditions exist for extrapolation to a 24 h continuous exposure. One
is  that no cumulative effect is considered to occur, if the effects are reversibleNOEL. Since the exposures were for 1 h, a cumulative effect was disregarded if an
effect was absent at concentrations ≥24 ×NOEL. This is justiﬁed from Haber’s rule,
where [exposure concentration × exposure time] is considered a constant; which
is  a conservative approach. In this case the overall AF is set to 20 (2 × 10) and the
0 45 50 55 60 65 70 75 80 85 90
10.9 ppm 17 .8 ppm
0 45 50 55 60 65 70 75 80 85 90
Recovery
spiratory frequency curve; (b) concentration versus increase of elongation of time
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er  minute) and RD0 (11–20 min) for 4-AMCH, DHC, IPOH, 6-MHO, and 4-OPA.
F  = NOEL/20. However, in case of accumulation of effects an additional AF may
e added that is based on the ratio between the highest reversible concentration
ivided by the NOEL value for airﬂow limitation or pulmonary irritation. Thus,
or  airﬂow limitation and pulmonary irritation, an AF of 2 is added, if the ratio is
24 to ≥12. If Haber’s rule is applicable and the ratio is 12, no accumulation is
xpected, if the NOEL is used for a 12-h period. However, extension of NOEL to
 24-h period, an AF of 2 is needed, which for precaution was assumed to apply
or  the entire range from <24 to ≥12. Further, an AF of 4 if the ratio is <12 to
 6, and an AF of 10 if the ratio is <6, as obtained from similar considerations as
bove.
We  evaluated exposure-effects of indoor air mixtures from the hazard index,
hich is the indoor air concentration of the terpene reaction product divided by its
F.
. Results
.1. IPOH
For IPOH, a fast decrease occurred in the respiratory fre-
uency, which reached a maximal decrease about 5–20 min  after
he onset of the exposure, and remained nearly constant during
he remaining of the exposure period. It was reversible or nearly
eversible within the 30 min  recovery period for all concentrations
Fig. 1a). The RD0 was estimated to 1.6 ppm (95% CI: 0.8; 3.6) from
he regression line shown in Fig. 2. IPOH was a pure or nearly pure
ensory irritant, because elongation of TB was the only exposure
ependent effect. It had maximum within 5–20 min  of the expo-
ure period (Fig. 1b) as was the decrease in respiratory frequency.
B showed a full or nearly full recovery in the post exposure period.
he 11–20 min  of the exposure period was used, due to the maxi-
al  effect, to estimate the NOEL, TB100; it was 3.8 (95% CI: 1.9; 7.9)
pm. Since RD0 and TB100 are within the same order of magnitude,
he lowest one is selected for NOEL for sensory irritation. Thus, the
erived RF was 0.16 ppm (Table 3).
.2. DHC
Also for DHC, a fast decrease occurred in the respiratory fre-
uency, which was close to constant during the entire exposure
eriod. In the post exposure period, a full or nearly full recovery
ccurred at concentrations ≤198 ppm (data not shown). The RD0
as 83 (95% CI: 45; 154) ppm (Fig. 2). For DHC, the prominent effect
as sensory irritation as shown by the elongation of TB (data not
hown). TB decreased to the baseline level at exposures ≤198 ppm
n the post exposure period. Since TB maximized within the ﬁrst
0 min  of the exposure period, this period was used to establish
 NOEL for sensory irritation (TB100), which was 89 (95% CI: 41;
94) ppm. However, a modest airﬂow limitation also developed
uring the exposure period at exposures ≥198 ppm with a NOEL at
59 ppm as seen from the time–response relationship. The derived
F for airﬂow limitation was 0.8 ppm (Table 3).etters 216 (2013) 54– 64
3.3. 4-AMCH
A somewhat similar pattern for respiratory frequency was
seen for 4-AMCH, but in this case reversibility was  limited to
concentrations ≤43 ppm (Fig. 3a). The RD0 was  9.1 ppm (95%
CI: 2.3; 37) (Fig. 2). Elongation of TB increased in an exposure-
dependent relationship (Fig. 3b). The TB elongation maximized
during 11 to 20 min. TB showed a full or nearly full recovery in
the post exposure period at ≤186 ppm. TB100 taken from 11 to
20 min of the exposure period was  used to estimate the NOEL
for sensory irritation; this was estimated to 13 (95% CI: 1.9; 86)
ppm. The VT decreased slightly at exposures ≥186 ppm (data not
shown). Airﬂow limitation increased slowly during the exposure
period (Fig. 3c) and reached a plateau during the last 15 min of
the exposure period. The increase was not fully recovered at the
highest exposure concentration (265 ppm). The NOEL for airﬂow
limitation was estimated from the mean effect in the 46–60 min
of the exposure period to 9 (95% CI: 0.7; 113) ppm. Pulmonary
irritation showed an elongation of TP only at the highest exposure
concentration (265 ppm) and thus, not considered to be a critical
effect. Overall, the derived RF for airﬂow limitation was 0.45 ppm.
3.4. 4-OPA
A complex exposure-dependent effect was observed for 4-OPA
that comprised sensory irritation, decrease in VT, airﬂow limitation,
and pulmonary irritation. The decrease in respiratory frequency
was fast and reached a plateau level within the ﬁrst 20 min of
the exposure. No recovery occurred in the post exposure period at
≥20 ppm (Fig. 4a). The RD0 was 1.6 ppm (95% CI: 0.2; 15) (Fig. 2). The
TB effect was time-dependent (Fig. 4b). Thus, the highest concen-
tration (444 ppm) showed a faster effect that maximized within the
ﬁrst 15 min  of the exposure period. The second highest concentra-
tion (84 ppm) showed an increase in effect in the ﬁrst 15 min  of the
exposure period and reached a plateau level in the 15–45 min of the
exposure period. The second lowest concentration also showed an
approximately stable effect in this period. The lowest concentration
(3.4 ppm) showed no elongation of TB in the entire exposure period,
i.e. this concentration is considered the NOEL for sensory irritation.
VT showed a time-dependent progression of the decrease in VT
at exposures ≥84 ppm with a NOEL at 20 ppm; a non-critical effect
(data not shown). Airﬂow limitation increased during the exposure
period and reached a plateau level at 46–60 min of the exposure
period (Fig. 4c). The (VD/VT)100 value was  used to establish the
NOEL for this effect to be calculated to 1.2 ppm (95% CI: 0.07; 22). TP
showed a concentration and time-dependent increase at ≥84 ppm,
whereas no effect appeared at ≤20 ppm (data not shown); thus,
20 ppm can be considered the NOEL. Overall, neither the decrease
in VT nor the TP elongation was  considered critical effects. Thus,
the lowest derived RF was  0.03 ppm for airﬂow limitation.
3.5. 6-MHO
6-MHO showed complex exposure-dependent effects as sen-
sory irritation, airﬂow limitation and pulmonary irritation. The
decrease in respiratory frequency reached a plateau at 10 min  of
exposure except at the highest exposure concentration and a full
or nearly full recovery occurred in the post exposure period, except
at the highest concentration (1186 ppm) (Fig. 5a). At each exposure
concentration, the TB reached a plateau level roughly in the expo-
sure period from 11 to 20 min. TB showed a bell shaped relationship
with a conspicuous TB elongation at 34 ppm, an increase to a max-
imum level at 145–279 ppm and a decrease to an approximately
similar effect at 456 and 1186 ppm. The TB effect was evaluated
from the period 11 to 20 min  in the exposure period. In the post
exposure period, the TB effect was reversible for concentrations
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Table  3
Observed airway effects, no-effect-levels, assessment factors, and derived human reference values for ﬁve ozone-initiated terpene reaction products (terpene reaction
products).
Terpene reaction
products
Effectsa I NOEL (ppm) II Reversible
concentration (ppm)
Ratio II/I AFs Product
of AFs
RFs NOEL/(Product
of AFs) (ppm)
LOAEL→NOAEL SI AL Long-term
exposure
IPOH SI 1.6 ≤17.8 na 2 5 10 0.16
AL;  PI: na
DHC SI  89 198 na 2 5 10 9
AL;  PI: na 159 250 2 2 10 10 200 0.8
4-AMCH SI 13 186 na 2 5 10 1.3
AL;  PI: na 9 186 21 2 10 2 40 0.45
4-OPA SI  3.4 444 na 2 5 10 1.3
AL;  PI: na 1.2 20 17 2 10 2 40 0.03
6-MHO SI  3.2 456 na 2 5 10 0.3
AL;  PI: na 41 456 11 2 10 4 80 0.5
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ssessment factors (AFs), lowest-observed-adverse-effect level (LOAEL), no-observe
456 ppm (Fig. 5b). TB100 was used as an estimate for NOEL of
ensory irritation. This was obtained from the two  lowest con-
entrations (34 and 145 ppm), where the increase of effect was
xposure-dependent. The extrapolated TB100 value was 3.2 ppm.
he regression line, however, had a non-signiﬁcant slope (p = 0.1);
hus, the value should be taken cautiously. Airﬂow limitation was
odest at concentrations ≤456 ppm, but increased substantially
t the highest (1186 ppm) exposure level (Fig. 5c). The effect had
aximum in the last 15 min  of the exposure period, where the esti-
ated NOEL (VD/VT)100 was 41 (95% CI: 5.4; 307) ppm. The effect
as reversible or nearly reversible, except at the highest exposure
oncentration. TP was only elongated at the highest exposure con-
entration (1186 ppm). Thus, the derived RFs were 0.3 and 0.5 ppm
or sensory irritation and airﬂow limitation, respectively.
. Discussion
Ozone-initiated alkene reactions in the gas-phase and on sur-
aces produce a host of oxygenated reaction products, both gaseous
nd particle-phase ultraﬁne particles. It has been a long-standing
esearch question if these products would cause adverse health
ffects in indoor environments (Sundell et al., 1993; Weschler et al.,
006; Wolkoff et al., 2006). This “reactive chemistry” hypothesis
uggests that products of ozone-initiated alkene reactions cause
ealth effects, such as eye and upper airway effects (nose, throat)
nd lower airway effects like coughing in indoor environments such
s public buildings. A few ﬁeld studies indicated indirectly that
zone chemistry may  play a role in symptom reporting of eye and
pper respiratory irritation (Apte et al., 2008) and (Ten Brinke et al.,
998). Furthermore, it has been suggested that a number of terpene
eaction products may  cause sensitization in the airways (Anderson
t al., 2010; Forester and Wells, 2009). However, conﬂicting results
bout acute effects were obtained from human exposure studies.
In one study, young women (n = 130) were exposed to a typ-
cal indoor VOC mixture with 23 VOCs including two  terpenes
TVOC = 26 mg/m3) for two and a half hour. The mixture con-
ained 0.125 ppm limonene and 0.16 ppm -pinene that produced
.03 ppm formaldehyde when mixed with ozone; the residual
oncentration of ozone was 0.04 ppm. The symptom rating and
bjective health effects that included lung functions (FEV1, FVC,
EF25–75) were marginally and statistically nonsigniﬁcant both with(PI), estimated no-effect-level (NOEL), highest reversible concentration (Reversible),
erse-effect-level (NOAEL), human reference values (RFs).
and without ozone (Fiedler et al., 2005). Further, signs of inﬂam-
matory effects in nasal lavage were not observed, i.e. no increase
of polymorphonuclear cells, total protein, IL-6 and IL-8 (Laumbach
et al., 2005). This agrees with the lack of inﬂammatory effects in
bronchoalveolar lavage in mice exposed repeatedly to reaction
products of limonene (Wolkoff et al., 2012). A similar outcome
was obtained by exposure of rats for 3 h to reaction products of
6 ppm limonene and 0.8 ppm ozone, though a marginal decrease
in isolated type II cells was observed (Sunil et al., 2007). However,
histopathology showed an up regulation of inﬂammatory markers
(TNF-, cyclooxygenase-2 and an antioxidant enzyme (superoxide
dismutase)) in lung macrophages and type II lung cells together
with histological changes.
In another study, eye blink frequencies increased signiﬁcantly
in male subjects (n = 8–10), as a physiological measure of trigem-
inal stimulation, during 20 min  exposure to reaction products of
limonene in comparison with the reactants and clean air (Klenø
and Wolkoff, 2004; Nøjgaard et al., 2005). The ﬁndings coincided
with qualitative reporting of weak eye irritation symptoms.
In the present study we  have tested the hypothesis that com-
mon  terpene reaction products cause acute eye and airway effects
from indoor climate exposures. We studied the airway effects of
ﬁve common terpene reaction products by use a mouse bioas-
say, see Table 3. We  previously showed that formaldehyde and
a residual high concentration of limonene explained about 75%
of the sensory irritation from 16 s old mixture of reaction prod-
ucts from limonene, while moderate effects in the conducting
airways remained unexplained in a mouse bioassay (Wolkoff
et al., 2008). The contribution of formaldehyde, however, may
be somewhat underestimated in view of the general difﬁculty
obtaining accurate analytical data from dinitrophenylhydrazine
sampled aldehydes, cf. (Wisthaler et al., 2008), thus implying that
an even greater fraction of formaldehyde might have been respon-
sible for the decrease of the respiratory frequency due to sensory
irritation.
The critical effect of IPOH was sensory irritation by the TB elon-
gation, which caused the decrease in the respiratory frequency.
A 2–4% molar yield corresponding to 0.08–0.15 ppm IPOH was
generated in our previous standard experimental set-up of ozone
(∼4 ppm) and limonene (44 ppm) using the mouse bioassay to mea-
sure the airway effects (Clausen et al., 2001). Thus, IPOH in this
60 P. Wolkoff et al. / Toxicology Letters 216 (2013) 54– 64
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tig. 3. 4-Acetyl-1-methylcyclohexene (4-AMCH): (a) concentration versus decreas
ime  of brake (TB); (c) Concentration versus increase of airﬂow limitation.
xperiment would contribute ≤10% to sensory irritation in view
f its NOEL of 1.6 ppm. Its human RF value is twice that of the
fﬁcial indoor air guideline for formaldehyde by the World Health
rganization (2010).  To the best of our knowledge measurements
f IPOH in ofﬁces have not been reported. In view of its low RF
alue for sensory irritation, its hydroxyl radical molar yield of 15%
rom limonene (Forester and Wells, 2009), monitoring in ofﬁces
nd during cleaning activities are warranted.
The high NOELs for DHC indicate that the contribution of sensory
rritation and airﬂow limitation are insigniﬁcant in our previous
nimal set-up with reaction products of limonene (Clausen et al.,
001); similarly, the relatively high RFs suggest that the impact of
HC would be minor or insigniﬁcant in ofﬁces.
The derived RFs for 4-AMCH showed that airﬂow limitation was
he critical effect. Its concentration in our previous ozone-limonene
et-up was 0.1–0.12 ppm (Clausen et al., 2001); thus, its contribu-
ion to effects in the conducting airways is considered negligible inhe respiratory frequency curve; (b) concentration versus increase of elongation of
this mouse bioassay experiment. To our knowledge measurements
of 4-AMCH in ofﬁces have not been reported.
The derived RFs for 6-MHO showed that both sensory irritation
and airﬂow limitation may  be critical effects. 6-MHO has been mea-
sured in ofﬁce air from 0.8 ppb (Salonen et al., 2009) to 2.3 ppb in a
simulated ofﬁce (28.5 m3, air exchange rate: 1 h−1) with two  sub-
jects and an initial ozone concentration of 33 ppb (Wisthaler and
Weschler, 2010), and in an occupied and simulated aircraft cabin
exposed to ozone (60–70 ppb; air exchange rate: 4.4–8.8 h−1) to
3–6 ppb (Weschler et al., 2007). For sensory irritation, the hazard
index is ≤0.02; thus, indicating that 6-MHO can be ruled out as
a signiﬁcant sensory irritant or bronchoconstrictor at indoor air
concentrations.Effects in the conducting airways of mice were reported in pre-
vious studies about the ozone-limonene system (Rohr et al., 2002;
Wolkoff et al., 2008). However, the concentration of 4-OPA was less
than 0.02 ppb in these studies (unpublished) and thus, would not
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e expected to affect the lower airways in view of its NOEL value
Table 3). Downstream 4-OPA concentration of 10 ppb has been
easured from used ozone exposed ventilation ﬁlters (Destaillats
t al., 2011) and concentrations from 2 to 6 ppb have been measured
n aircraft cabin and ofﬁce air (Weschler et al., 2007; Wisthaler
nd Weschler, 2010); slightly lower concentrations have been
easured in forest environments (Matsunaga et al., 2004). These
evels at their maximum still provide a hazard index ≤0.3; thus,
ndicating that lower airway effects would not be expected. High
imonene (and other precursors) concentrations would be pre-
equisite together with an ozone concentration ≥0.1 ppm, if lung
ffects should be developed, in agreement with human exposure
tudies, cf. (Wolkoff et al., 2012). In view of its low RF value, condi-
ions that promote the production of 4-OPA should be considereduency curve; (b) concentration versus increase of elongation of time of brake (TB);
precautionary. Further precautionary actions would be cleaning,
that removes human and animal skin debris, and to avoid crowded
spaces with low ventilation.
The airﬂow limitation of 4-OPA could be caused by inﬂam-
matory reactions. However, increase in inﬂammatory markers in
A549 lung epithelial cells exposed to reaction products of -
terpineol in excess (1–6 ppm) and ozone (0.1–5 ppm) was not
found, even at extended and multiple exposure periods up to 8 h;
the maximum exposure concentration of 4-OPA was 30 ppb, in
addition to 6-hydroxy-hept-5-ene-2-one (1550 ppb), and methyl
glyoxal (95 ppb) (Anderson et al., 2010). Exposure of the cells to
pure 4-OPA produced inﬂammatory mediators at air concentra-
tions about three to four orders of magnitude higher than measured
in simulated ofﬁce and aircraft cabin air (Wisthaler and Weschler,
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010; Weschler et al., 2007). Thus, a tentative NOEL of 30 ppb
0.12 mg/m3) is derived from this assay; similar to our RF value.
Lung effects like coughing and wheezing are not common
ymptoms that are reported in public buildings (Bluyssen et al.,
996; Brightman et al., 2008; Marmot et al., 2006; Reijula and
underman-Digert, 2004; De Magalhäes Rios et al., 2009), and, if
eported, signiﬁcantly lower than eye and upper airway symptoms,
.g. (Apte et al., 2008). Reported cases have been related to excessive
se of cleaning agents that inter alia resulted in severe cough-
ng and dry throat (e.g. Kreiss et al., 1982; Robinson et al., 1983;
chmitt, 1985); the probable cause would have been inhalation
f resuspended carpet dust particles that contained the surfactant
rom the cleaning agent. In addition, coughing was not statistically
ssociated with late afternoon ozone concentrations in the BASE
tudy; associations were only found for eye and upper respira-
ory symptoms (Apte et al., 2008). Furthermore, in the exposureiratory frequency curve; (b) concentration versus increase of elongation of time of
study mentioned above by Fiedler et al. (2005) and Laumbach
et al. (2005) changes in the lung functions were statistically non-
signiﬁcant. Roughly, based on the results of Forester and Wells
(2009),  a maximum concentration of ∼1 ppb (3 g/m3) 4-OPA
would be expected from limonene, assuming molar yields of ∼0.4%
for both ozone and the hydroxyl radical and excess of VOCs. Thus,
lung effects would not be expected from 4-OPA in this exposure
study.
High concentrations of repeated exposures to terpenoid fra-
grances are expected in the cleaning and janitoring industry.
Studies related to such activities, both professional and domes-
tic, indicate an increased prevalence of lung symptoms among
the personnel (e.g. Medina-Ramón et al., 2005; Rosenman, 2006),
including from domestic use of cleaning spray products (Zock
et al., 2010). However, among numerous product types fragrances
are not considered to be associated with work-related respiratory
logy L
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ymptoms (Quirce and Barranco, 2010). The ubiquitous limonene
as also been shown to be an oxidant scavenger that results in anti-
nﬂammatory effects as shown in sensitized rodents (Hirota et al.,
012; Keinan et al., 2005). Furthermore, Heinrich (2011) stated in
iew of an increase in the development of asthma among profes-
ional cleaning personnel “we should not be so naïve as to transfer
hese ﬁndings from occupational settings to our daily cleaning
ctivity in our homes”.
In conclusion, four out of ﬁve common ozone-initiated ter-
ene reaction products do not contribute substantially to sensory
rritation symptoms and pulmonary effects at indoor or ambi-
nt concentrations. IPOH may  contribute to sensory irritation and
onditions that promote excessive formation of 4-OPA should be
inimized. Thus, exposure data for IPOH and 4-OPA are warranted.
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